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FOREWORD

This report was prenared by Nitrogen Division, Allied Chemical Corpo-
ration under USAY Contimct No. AP 33(616)-6568 and Supplemens Agreemsnt No.
2(60-14L). The contrect was initiated under Project No. 7312, *Finishes and
Materials Presarvation’, Task No. 73122, "Corroaion amd Corrceion FPrevection®.
The work was administered under the direction of Materials Central, Diresto-
rate of Advanced Systems Technology, Vright Air Developme:ri$ Division with
¥, Herold L. Stevens acting as project engineer.

Thic report covers work conducted from June 1959 %o Jume 1960,

Tha work was performed in the Corrosion ladvoratory of Nitrogen Division,
Allisd Chemical Corporstion, Hopewell, Virginia., In eddition to the authors,
Mo Jon L. Grinsteed assisted in tho experimental work and Mr. J. D. Ashton
suporvissd construcsion of the apparesus. Messrs. ¥W. D. Daley, T. J. NeGomnigle,
and H. C. Yintser sdvized on sposial features of the project. Acknowledgement
is made of advice and guidance rendered by Mr. R, C. Daiin,
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ABSTRACT

The purpose of this investigation was to determine quantitatively the
corrosive effects of nitrogeu tetroxide on mild steel, aluminum, sgtainless
steels, and titanium. This was done under static conditions at gix water
concentrations up to 3.2 wt % and four temperatures up to 74°C. The corro-
sion rates under dynamic flow conditions were also investiga‘ed.

The corrosion of carbon steel (ASTM A-285 Grade C) and aiuminum
(5086) was less than 0.5 mil per year in nitrogen tetroxide cortaining up to
0.2 wt % water at 74°C, increasing to 50 mils per year «t 3.2 wt % water
and 74°C. Negligibie corrosion was observed under severe conditions with
stainless steel (204-L) and titanium (75A and 6Al-4V) whereas high strength
steel (PH 15-7 Mo) showed losses of 0.5 to 1.0 mils per vsar. No stress
corrosion cracking was observed in tests of carbon steel, high strength steel
or aluminum in nitrogen tetroxide containing 0.1 and 1.6 wt % watsr ot 49°C,
Significani corrosion of stainless steel (304-l) occurred in the preasence of
Teflon.

Dynamic tests showed no significant corrosion of 304-L and FH 15-7 Mo
stainless steels and average rates of 0.05 mils per year for aluminum and
0. 33 mils per year for carbon steel after 205 hours exposure to cormmercial
nitrogen tetroxide flowing at velocity of 10 ft per second at 30°C.

PUBLICATION REVIEW

This report has besn reviewed and is appioved.

frpar W prmey

Chief, Motals ard Ceramicz iaboratory
Materials Central

FOR THE COMMANDER:
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1. INTRODUCTION

1.01 Nitrogen tetroxide is a heavy brown liquid at ordinary teinperatures
containing about 30% nitrogen and 70% oxygzen. In this form it consists prin-
cipally of the tetroxide (N,O,) in equilibrium with a small amount of nitrogen
diexide (NO,). This product is available in commercial quantities in very pure
form containing less than 0. 1% water. Nitrogern tetroxide is an economical and
reliable storatle liquid oxidizer for liquid-fueled rockets.

1.02 This project was initiated to quantitatively determine the corrosionof
several metals zand alloys in dry and wet liquid nitrogen tetroxide between the
temperature limits of -9° to 74°C. The repurt summarizes ithe data from sut-
ic tests on carbon steel (ASTM A-285, Grade C), stainless steel (304-L), alum-
inum (5086), welded aluminum (5086), titanium (75A #nd $Al1-4V), and aigh
strength stcel (PH 15-7 Mo). The durability of a number of elastomers was de-
tzrmined at 25°C. Data are also presented irom: several dymamic tests con-
ducted by pumping commercial nitrogen tetroxide through a -~ystem containing
carbon steel, stainless steel, high strength steel, aluminum, Tefloa, ard Kel-F
speciniens,

2. SUMMARY AND CONCLUSIONS

2.01 No significant corrosion of carbcn steel (ASTM A-285, Grazde C),
stainless steel (304-L), aluminum (5086), precipitation hardezned steei (PH :5-7
Mo), or titanium (75A and 6Al1-4V) was found to accur during expogure of spec-
imens to NjO; containing up to 0.2 wt % water within the tem7erature range of
-99 to 74°C.

2.02 Stainless 3teei (304-L) and titanium (75A and 6Al-4V) were virtually
unattacked by N,O, containing up tc 3.2 wt % water at temperatures up to 74°C.
Precipitation hardened steel (PH !5-7 Mo) was virtually unattacked ~xcept in
N,O4 containing 1.6 and 3.2 wt % water at 74°C. Under these conditions a
maximum corrosion of 2.1 mils per year was recorded.

2.03 Carbon steel and aluminum undevwent corrosion at a faster rate dur-
ing 3-day exposures than during 9- and 27-day exposures. Stainless steel was
not subject to this initial attack.

Mannsoript raleased for publicetion Juae 1560 as s WADD Techniocel Report,
WADD TR 60-334 1




2.04 Corrosion ratcs on carbon steel and aluminum increasc with temp-
crature and water content of N,O,, In 27-day tests, the corrosion rates of
carbon steel and aluminum were only 0,03 and 0.00 mily per year, respect-
ively, at -9°C in N,O, containing 0.2 wt % water., These rates increased to
27.5 and 48.6 mils per year for carbon steel and alummum, relpectxvely. at
74°C in N,O, containing 3.2 wt % water,

2.05 Carbon steel, aluminum, and PH 15-7 Mo stainless steel stressed
to the yield point showed no stress corrosion cracking as a result of immer-
sion in liquid N,O containing 0.1 to 1.6 wt % water at 49°C for 41 days.

2.06 The corrosion of welded aluminum was not materially different
from the unwelded aluminum. Microscopic examination of the welded alumi-
num specimen cross sections revealed that the corrosion was of the general
type without visible pits or cracks. .

2.07 The presence of Teflon increased the corrosion rate of stainless
steel. For example, at 74°C in N,0, containing 3.0 wt % water, the corro-
sion rate reached 4.58 mils per year in the presence of Teflon compared to a
maximum rate of 0. 17 mils per year recorded in the absence of Teflon. The
corrosion of carbon steel also increased in the presence of Teflon. Alumi-
num corrosion was not materially affected in this regard.

2.08 Carbon steel, stainless steel, precipitation hardened stainless steel,
and aluminum were tested at 30°C in commercial N,0O, flowing at 10 feet per
second. The maximum average cor:osion rate obtained was 0. 33 mils per
year on carbon steel during 205 hours exposure. The other metals were vir-
tually unattacked.

2.09 Teflon and Kel-F were the most satisfactory non-metalo tested. As-
bestos-type gaskets gave good service,

2.10 Preliminary correlation of the data from the carbon steel and alum-
inum tests with the aid of the IBM-650 was of no particular advantage in in-

terpreting test results.

3. MATERIALS

3.01 ’Niti'ogen Tetroxide (N,O,). A 2000-pound cylinder of commercial

..N,0, was obtained from Nitrogen Division, Allied Chemical Corporation. This

material was analyzed with results shown in Table 1.

WADD TR 60-384 2
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~ TABLE 1

N,O0, - ANALYSIS AND SPECIFICATION

Analysis Specification
N,O, Assay, wt. % 99. 9+ 99.5
H,0 Equivalent, wt, % 0.004 0.1 max,
Cl as NOCl, wt. % 0.002 0.08 max.
Non-Volatiles (ash), wt. % 0.0008 0.01 max.

3.02 Metals. The supply of metals listed in Table 2 were obtained for
these tests,

TABLE 2
- TEST METALS
Metal Designation Supplier

Carbon Steel ASTM A-285, Grade C Morris, Wheeler and Co.
Aluminum Alloy 5086-H34 Reynolds Metals Co.
Stainless Steel Type 304-L Steel Specialties, Inc.
Stainless Steel 15-7 Mo Armco Steel Corporation
Titanium 75A and 6Al-4V Titanium Corp. of America

Welded Aluminum Alloy 5086 Richmond Engineering Co.

Mill tests, or certified analyses of the metals, are shown in Table 9,
Appendix I,

3.03 Preparation of Test Specimens. Metal specimens for static

tests were cut from strip or sheet stock, They were machined or wet
ground to remove gross roughness, wet polished with 220A and 360A silicon
carbide grit paper, stamped with an identifying number, scoured with *Old
Dutch Cleanser", rinsed with water then acetone, and dried. 15-7 Mo spec-
imens were precipitation hardened to Armco Condition RH-950 prior to fi-
nal wet polishing. These specimens had a tensile strength of 236,000 psi.
All specimens were stored in a dessicator until used,

3.04 Specimens for stress corrosion cracking tests were cut 7 inches
long and 1/2 inch wide. Holes were drilled symmetrically 6 inches apart
and all corners were broken, The specimens were bent almost to a U-shape,
The stainless steel 15-7 Mo specimens were precipitation hardened to Armco

WADD TR 60-384 3



Condition RH-950 (actual measured tensile strength, 236,000 psi). The span
acrcss the ends of each specimen was measured, stud bolts were inserted and
tightened until the gap had been recduced by 2 inches for PH 15-7 Mo, 7/8 in.
for aluminum (5086), and 1/8 inch for carbon steel (ASTM A-283, Grade C).
Finally, the stud bolts were removed and the gaps remeasured. U the gaps
were less than originally measured, it was considered the yieid point had
been reached and the amount of tighiening sufficient. OCnce the amount of
tightening necessary to stress each specimen to its yield point had been de-
termined, the stud bolts were retightened this amount and the convex surface
carefully examined for cracks before use,

3.05 Welded aluminum specimens were prepared by butt-welding two
strips of Alloy 5086 together, as described in Table 9, Appendix I. This ma-
terial was sawed into 1 x 4 inch sections with the weld running across the
l-inch dimension. One side was machined until the weld and base metals
presented one continuous flat surface.

4. EQUIPMENT

4.01 The initial static corrosion tests were conducted in 54 Teflon-lined
aluminum containers obtained from the Wright Air Development Center., These
containers were previcusly used by Bell Aircraft Corporation under Contract
No. AF 33(616)-3056, Project No. 7312. Figure ! is a cdimensioned drawing
»f these containers. Figure 2 shows a closed and open container, Three
specimens of the same metal were hung from the horizonial Teflon arms sup.
ported from 2 central Teflon rod.
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Fig. 1. Teflon-Lined Aluminum Container
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Three metal specimens, each 1/2 x 1 inch were susperded from a glass tube
for test purposes. The containers were placed in an automatically controlled
temperature bath shown in Figures 5 and 6. A 5-gpm submerged pump pro-
vided circulation.
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1° DIA SILE 10 TANE BALL
1 | o
O S
% . NOTES
; ML TERIAL SHALL OF CARBEN STEEL
¥ b
~ire

Fig. 5. Corrosion Testing Container Bath

4.03 Titanium specimens were tested in stainless steel (304-L) containers
1Z inchee deep and ¢ inches in diameter fabricated as shown in Figure 7. 1 x
2 x 1/16 inch specimens were mounted on a carrier attached to the container
head, Giass was used to insulate the specimens from each other and from the
stainless steel. This arrangement is shown in Fig. 8. The b~‘h assembly
shown in Fig. 5 was fitted with a six-hole cover and remote controls for con-
ducting the tests on titanium. This bath, enclosed in a concrete shelter, is

pictured in Fig. 9.

4,04 Dynamic tests were conducted in a recirculating system containing
a variety of metal and elastomer specimens. Fig. 10 shows the equipment that
was originally assembled to run tests. Fig. 11 is a drawing of the equipment
that was finally used. Several preliminary runs were made and pump packing
failures made it necessary to replace the conventional centrifugal pump with a
canned pump (Chempump Model CFH 1-1/2-3/4, Chempump Division, Fostoria
Corporation).
WADD TR 60-384 7
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5. PROCEDURES

5.01 Static Tests in Teflon-Lined Containers. The containers were
cleaned before using. Discolored Teilon liners were wasned with 30% hydro-
chloric acid. All containers were soaked in water over night and then scrub-
bed with "Old Dutch Cleanser", water washed and dried with warm air. The
Teflon top was pinned to the aluminum head so that the top with the center
post, hanger arms, and specimens could be removed as a unit by means of
a2 special jackscrew device,

5.02 Fach container was cooled in ice water before charging, The de-
sirad amount of water was added aad then 150 milliliters of liquid N,O, was
poured in. Triplicate specimens of the same metal were guspended on the
Teflon hanger and the assembly inserted in the container. The head was
tightened by applying 25 foot pounds of torque to each of the six hexagonal
head nuts. The loaded containers were in mediately placed in three thermo-
statically controlled baths, The temperatures were controlled as follows:

(1) 74°C  + 1.0°C throughout the 70 days of test
(2) 46°C  + 0.5°C throughout the 109 days of test

(3) -9°C  + 1.0°C throughout 56 days except one period of
23 hours heating to 20°C, then 26 hours to cool
down to -9°C and 2 hours at -16°C.

5.03 After a period of 14 or 28 days, each contsiner was removed
from the bath, cooled to 0°C (except contamners in the -3°C bath), opened
and the specimeas removed, ecrubbed with a bristle brush and water, rinsed
in acetone, dried and weighed, Thev were returned at once tc the contziner,
the head replaced and the test continued. At the coaclusion of the test, the
container was emptied and obgervations made of the amount of deposit, condi-
tion of the liner, and type of corrosion of the specimens.

5.04 Static Tests in Glass Tubes. This procedure was developed to a-
void the increase in corrosion of carbon steel and stainless steel in the
presence of Teflon at the more severe conditions. After removal of the
Teflon liners, the containers were washed with 70% HNO,, water, acetone,
and then dried with warm air, Each container was cooled in ar ice bath and
80 milliliters of liquid N,O; was poured into the container to facilitate heat
transfer and to maintain the proper vapor pressure on the outside of the glaas
tube. Simultaneously, the desired amount of water was added to a clean, dry
7-1/2 x 1-1/2 inch glass tube, the tree on which the metal specimens were
supportcd was inserted in the tube, and 125 millilitere of liquid N,O, was
poured in the tube. The tube containing the specimens arnd environment was
lowered into the container, and a glass cap piaced on the tube. The container

WADD TR 60-384 14
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head gaskets were positioned and the head put in place and tightened by apply-
ing 25 foot pounds of torque to each of the hexagonal head nuts. The loaded
containers were immediately placed in four baths. The temperature record
showed the following variations:

(1) -9°C  + 2°C all tests.

(2) 21°C  + 19C all tests except one period of 10 hours in the
9-day test of carbon steel and aluminum when temp-
erature dropped to 9°C.

(3) 49°C  + 0.5°C all rests.

(4) 74°C + 0.5°C all tests except cne period of 6 hours for
carbon steel and aluminum when temperature rose to
78°C.

5.05 Exposure times were 3, 9, ind 27 days, each starting from sero
time. This is a condition encountered in a single filling of 2 storage vessel.
After the desiredperiod of exposure, ‘i~ containers were removed from the
bath anqd chilled in ice water. The specimens were removed, scrubbed with
a bristle brush in water, rinsed in acetone,then dried and weighed. The
liquid N;O; was observed for sludge formation, etc., but not reused. The
specimens were reused ai{ter resurfacing, cleaning and weighing.

5.06 Stress Corrcsion Tests. The stainless steel (304-L) containars
{shown ir Fig. 7) were washed with acetone, water, 70% HNO,, water and
acetore in the order named and then dried with warm air. Each container
was cooled in an ice bath and the desired amount of watsr and 1000 milliliters
of liquid N,O4 added. A Johns-Manville service gasket was used. The head
(see F'ig. 8) with the attached hanger assembly and specimens was positioned
and tightened. The loaded containers were imraediately placed in a bath with
the temperature controlled at 49°C + 0.5°C throughout twc periods of expo-
sure totaling 41 days. After the first exposure period of 14 days the speci-
mens werc cleaned and visually examined for cracks. The sarne specimens
and liquid were used in botn tests. At the conclusion of the second period of
exposure (27 days) the specimens were cleaned, raounted and microscopically
zxamincd.

5.07 Tiwanium Studies. Tae stainless steel ccatainers used in the stress
corrosion tests were cleaned and dried. A blowout diaphragm was installed in
each head. The head with the attached hanger assembly holding three 1 x 2 x
1/16 inch specimens of both 75A and €Al-4V titanium was positioned and
tightened, The containers were placed in a cold bath housed in a concrete
shelter., Stainless steel lires were connected to the dip-pipe and to the vapor
outlet of each container and extended outaide of the shelter. A vacuum was

WADD TR 60-384 i5




drawn on each container and 1500 milliliters of N,O, containing the desired
amount of water was drawn into the container via the dip-pipe line. The valve
through which the N,0, was loaded was then closed. All gix containers were
charged in this manner and the bath brought to the desired temperature. Dur-
ing the test the constancy of bath temperature was controlled as follows:

()  21°C for 27 days + 1°C
(2) 74°C for 9 days + 1°C
(3) 74°C for 27 days + 1°C

After the exposure period the dip-pipe lines were opened and the N,O, dis-
charged. Argon was blown in the dip-pipe lines and out the vapor lines until
all traces of N,O, disappeared. The containers were valved off, cooled, and
carefully removed from the bath. They were opened, the specimens rec-
moved, scrubbed in water, dried, and weighed. All specimens were refin-
ished (about 20 - 50 milligrams of metal removed) and reweighed for the next
test. Specimens exposed for 27 days at 74°C were examined microscopically.

5.08 Tests to determine the effects of Teflon were run by the same gen-
eral procedure used for static tests on carbon steel and stainless steel except
that some containers contained 322 square centimeters of Teflon (approximate
area of Teflen liner in an aluminum container) and some did not contain Teflon.
Metal specimens were scrubbed, rinsed, dried and weighed before and after
each test to determine the amount of weight loss caused by the presence of
Teflon,

5.09 Welded aluminum wae tested in N,0O, contained in capped glass tubes
inserted in aluminum containers -without the Teflon liners. The procedure was
similar to that described in paragraph 5.04 except that only one specimen was
placed in each tube, Glass trees were not used and the specimen was allowed
to rest in the vertical position on the bottorn of the tube. Tests were con-
ducted with N;O, containing 0.0, 0.4, and 3.2 wt. % water at -9°, 21°, 49°,
and 74°C. Specimens were weighed before and after testing and those notice-
ably corroded were examined microscopically around the welded area cross
section,

5.10 Dynamic Tests, The assembled piping was washed {ree of oil and
oti.>r foreign matter by circulating carbon tetrachloride and then acetone, All
tra.. - of acetone were removed by purging with compressed air overnight.

The roaterials to be tested were then placed in the clean recirculating system
as shewn in Fig. 11. Carbon steel, aluminum, stainless steel, and precipita-
tion hardened steel specimens (2 x 3/4 x 1/16 or 1/8 inch) were mounted one
above the other in a glass tube fit ed inside a vertical metal pipe. Each spec-
iimen was separated from a dissimilar metal by a Kel-F ferrule to minimize
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galvanic effects. Kel-F and Teflon tubes, each 1/2 inch ID x 2 feet in length,
were included in the piping. Disks (1-1/2 inches diameter) of stainless steel
and carbon steel were tested sepavately with each disk mounted within the
vena-contracta above a simple orifice to get impingement effects. Six plastic
and three gasket specimens were suspended from a vertical rack in the reser-
voir. Also included in the piping were weighad ells of carbon steel and stain-
less steel (304), and welded nipples of carbon steel, stainless steel (304), and
aluminum. The grades or types of the carbon steel and aluminum piping were
not known,

5.11 The systern was tested for leaks with nitrogen at 40 psi. Commer-
cial N,O4 (see Table 1 for analysis) was charged until the regervoir filled to
the overflow valve. The cooling water was turned on and the pump started to
circulate the N,O,. At the conclusion of the first test (about 100 hours) the
system pressure was vented and the N,0O, drained. The teat matarials in the
reservoir and the non-welded metal specimens were removed. The metal
specimens weore brushed and washed with water, rinsed in acetone, dried, and
weighed. The materials from the reserveir were examined for loss of
strength and change in appearance. The metal specimens were returned to
the system for the second test which was run by the same procedure with the
solvent wash step eliminated, At the conclusion of the second test all speci-
mens were erxamined.

$. DISCUSSION OF RESULTS

A. Static Tests in Teflon-Linesd Aluminum Containers

6.01 The data from these static tests are presentsd in Tables 10 through
13, Appendix I. The weight loss for each metal specimen is given and the
average of three values is converted to mils per year penetration. With few
random exceptions, the corrosion was uniform, hence average penetration is a
pertinent figure, In considering these regults, it should be remembered that
the presence of Teflon markedly increased the corrosion of stainless steel.
Teflon also caused an increase in the corrosion rate of carbon steel in com-
parative tests but did not materially affect the corrosion of aluminum. The
rates reported and discussed in this section apply to these special situations,
Comparative tests with and without Teflon are discussed in paragraph 6. 06.

6.02 Carbon Steel and Aluminum, Both metals exhibit a high initial loss
for the first interval of exposure, On the subsequent exposure the rate drops
to one-half to one-tenth the initial value and continues at a fairly-steady rate
throughout the tests, This pattern does not apply for the -9°C or no water
tests., The relatively abrupt decrease in rate is believed due to a combination
of corrodent depletion and passivation phenomena. The initial rates increase
regularly with water content and temperature. Data from Tables 11 through i3,
Appendix I, are rearranged and given in Tablec 3 for carbon steel and alumi-
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num.

TAELE 3

INITIAL AND "STEADY STATE" RATES OF CORROSICN FOR
CARBON STEEL AND ALUMINUM IN THE PRESENCE OF

TEFLON
Carbon Steel ASTM A-285, Grade C
46°C 74°C
Water added to N,0,,
wt. % 6.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0
Initial rate, mpy 3.6 5.6 - 16.3 8.3 13,3 25,6 40.5
Steady rate, mpy 1.1 2.0 - 1.5 0.5 1.0 4.0 3.5
Aluminum 5086
46°C 74°C
Water added to N0,
wt, % 0.5 1.9 2.0 3.0 0.5 1.0 2.0 3.0
Initial rate, mpy 2.0 6.3 22.3 34.6 8.5 26.8 41.0 67.5
Steady rate, mpy 0.6 0.7 0.4 0.5 0.5 0.2 0.2 1.0

6.03 Stainless Steel. This material exhibits a lower initial rate and a
more gradual decrease in rate with time due to tha passivation characteristics
normally expected rather than corrodent depletion. The increimental loszes
were plotted to obtain an approximate asymptotic rate that corresponds to the
"steady state" used in Table 3, The data of Table 4 illustrate the effect of
water and termperature on corrosion of stainless steel 304-L.

TABLE 4

INITIAL AND *STEADY STATE" RATES OF CORROSION FOR
STAINLESS STEEY, 304-1. IN THE PRESENCE OF TEFLON

469C 74°C
Water added to N,0,,
wt. % 0.5 1.0 2.0 3.0 0.5 1.0 2.0 3.0
Initial raic, mpy C.11 0.60 1.40 1.80 4.00 3.20 4.60 4.60
Steady rate, mpy 0.15 0,20 0.35 0.40 U.36 0.40 O0.60 1.10

6.04 After the tests were discontinued the containers were emptied and ex-
amined with the following observations of interest:

(a) Corrosion of all specimens, except three (out of 175 tests), was
classified as uniform attack,
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{(b) The Teflon linings were discolored in all runs but only slightly
30 where no water was added. The color could not be removed
by ordinary means. Teflon was noticeably weaker and softex af-
ter expusure to N,O, containing 2% water at 46°C and higher.

(c) Sludges werc not formed at -9°C or at water concentrations of
0.5%, or less. The amount of sludge increased dirzsctly with
water concentrations above 0,5% at 44° and 74°C.

(d) At 74°C, 3% water, stainless steel formed a greenish siudge,
carbon steel formed a greenish brown sludge, and aluminum was
covered with an adherent white corrozion product but did not
form a sludge.

6.05 There was good agrecment of weight losses of ths three specimens
from a single container. The loss for stainless steel at 0.5% water at 74°C
was higher than obtained at i% water; otherwise, the accumulative losses show
a consistent upward trend with water added and temperature.

B. Effect of Tefion

6.06 The presence of Teflon in N,0, containing water markedly increased
the corrosion rate of carbon sieel and stainless steel but did not significantly
affect the corrosion of aluminum 5086. Table 14, Appendix I, summarizes the
data that lead to this conclusion. As a result of these findings, tests in the
Teflon-lined containers were discontinued.

6.07 The data in Table 14, Appendix I, are divided into three series, A
through C, Series A is a group of tesis conducted under mild conditions, 25°C,
1. 0% water, that showed no significant difference in corrosion rate in presence
or absence of Teflun. This led te the conclusion cthat Teflon was not a compli-
cating factor; however, subsequent tests run at more severe conditions (3%
H,0, 74°C) set forth in this contract gave evidence that Teflon was being at-
tacked and the corrosion rate of stainless steel wag inordinately high, Accord-
ingly, six comparative tests were conducted, shown as Series B in Table 14, at
3% water, 74°C, on atainless steel, carbon steel, and aluminum. Data from
this series show thai carbon steel and stainiess steel were corroded at rates 10
to 20 times higher in the presence of Teflon thaz in its absence., The corro-
sion rates for aluminum were only slightly higher in the presence of Teflon. In
the case of stainless steel Garlock's Tefion sheet packing showed the same ei-
fect as Teilon cut from a container liner. In order 2o determine how extensive
the deleterious effect of Teflon might be, the tests shown in Series C were con-
ducted on carbon steel at an intermediate condition of severity, 1% water, 46°C.
Data from these comparative tests show that the rates are many times greater
in the presence of Teflon than in its absence.
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6.08 No attempt was macde tc determine the route or mechanisin through
which Teflon products react. One sample of N,0,, after exposure, was ana-
lyzed and found to contzin less than one ppm fluorine, Further investigatior
was believed beyond the scope of this contract,

6.09 A brie{ test was conducted to determine the possibility of using
stainless steel containers, constructed aes shown in Figure 7, exposing three
inetals simultaneously to wet N,0, in the absencec of Teflon. The metals were
galvanically insulated with glass; nevertheless, iron was abnormally attacked,
a result that is not readily explained by electrochemical theory. The essen-
tial data are noted in Table 5 and compared to corresponding rates obtained
for the same metals exposed gseparately.

TALLE 5

A COMPARISON OF CORROSION RATES OF CARBON STEEL,
STAINLESS STEEL 304-1, AND ALUMINUM EXPOSED SEPARATELY
AND SIMULTANEOUSLY IN N;O,, 3% WATER,FOR 7 DAYS AT 74°C

Corrosion Rates, M. P. Y,

Metzl Simultaneous Separate
Carbon Steel 150 20
Alnminum 157 186
Stainless Steel 0.17 0.04

C. Static Tests in Capped Glass Tubes

6.1G The data from 338 static tests are presented in Tables 15 through
19, Appendix 1. Carbon steel (ASTM A-285, Grade C), stainless steel(304-L),
precipitation hardened stainless steel (PH 15-7 Mo, Armco Condition RH 950),
and aluminum (5086) were exposed 3, 9, and 27 days at six water concentra-
tions and four temperatures, Two grades of titanium (75A and 6Al-4V) were
exposed 9 and 27 days at 74°C and six water concentrations, and 27 days at
21°C and six water concentrations. The weight loss for the three specimens
of each test was averaged and the average converted to mils per year. Table
20, Appendix I, is a summary of the corrosion rates and reference is made to
these data in the following paragraphs.

6.11 The effect of water concentration and temperature on corrosion rate
may be appraised by considering two levels of water concentration at four temp-
eratures, The data in Table 6 show the corrosion trends that inay be expected
in N0, containing 0.4% water, the maximum amount that should be found in any
handling of N,O,, and 3.2% water, the maximum used in this investigation.

6.12 Carbon Steel ASTM A-285, Grade (C, Temperature had only a slight
effect on corrosion cate at 0. 4% or less water, There was a large increase in
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rate due to temperature at 3.2% w~ater. An eight-fold increase of water did
not significantly increase the attack at -9°C but at 21°C and higher the corro-
sion rate increased many fold. Witr the exception of the 74°C tests, carbon
steel did not exhibit the high initial attack that occurred in the presence of
Teflon. No cases of pitting were observed.

TABLE 6

CONDENSED SUMMARY OF CORROSION RATES OF METALS IN
N, O, FOR 27 DAYS, CAPPED GLASS TUBES

Metal Carbon PH 15- € Al-
Steel Aluminum 304-L 7 Mo 75A 4V
Water
Temp. , Added
_°c Wwt. % Penetration in Mils Per Year
-9 0.40 0. 04 0.07 0.01 0.01 - -
21 0. 40 0.03 0.15 0.02 0.00 0.01 0.00
49 0. 40 0.99 0.35 9.02 0. 00 - -
74 0.40 1.12 1. 69 0.02 0. 00 0.00 0.00
-9 3.20 0.12 3.61 0.02 0.00 - -
z21 3.20 4. 32 7.20 0.03 0.03 0.00 0.01
49 3.20 29. 72 57.85 0.04 0. 14 - -
74 3.20 27.50 48, 60 0.02 0. 39 0.01 0.00

6.13 Stainless Steel 304-L. There was negligible attack on stainless
steel except at 74°C where the maximum penetration rate of G, 17 mpy was re-
corded in 2 27-day test containing no added water, In contrast, this metal
showed ia the presence of Teflon penetration rates as high as 4.58 mpy in a
14-day test at 74°C and 3% water,

6.14 Aluminum 5086, With few exceptions, this alloy of aluminum exhib-
ited a greater susceptibility to attack than carbon steel at all water levels and
temperatures. At concentrations less than 0.4% water, temperature does not
exert a strong influence on the corrosion rate. Above 0.4% water and 21°C,
both temperature and water concentraticn contribute directly to the corrosion
rate. This was more pronounced in the 3-day test. Where corrosion occurred
it was of the general type with a soft layer of white (green until washed free of
N,0,) corrosion products forming over the entire aluminura surface.

6.15 Welded aluminum corrosion data are shown in Table 21, Appendix I
The corrosion penetration rate for the 27-day period in the absence of added
water was less than 0.1 mpy, but rose to 32 mpy at 74°C, 3.2% water. The
weld areas on the corroded specimens were outlived by a visible change in
brightness at the junction of the weld and base metals; howcver, microscopic
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examination (50 to 400X) of specimen cross sections showed that corrosion
was of the .general type without visible surface pits or cracks.

6.16 PH 15-7 Mo Stainless Steel. This metal suffered very little attack
(less than 0.2 mpy in N,O, containing 0.4% water) under all conditidns ex-
cept at 74°C, 1,6 and 3.2% water, where the penetration rate was about 2,0
mils per year. Under these severe conditions, a very thin coating of black
powder appeared on the metal surface, No pitting occurred.

6.17 A correlation of the corrosion data for carbon steel and aluminum
wae made by multiple regression procedures using aa IBM-650 computer,
Second order equations were derived expressing corrosion rates (penetration,
mils per year) as a function of three variables; time, temperature, and wt
% water added, These equations are reproduced below, The coefficients of
mudltiple regression are fairly good for experimental corrosion data. The
standard errors of estimate are somewhat high in comparison with the aver-
age thereby reducing the usefulness of these equations for predicting corrosion
rates in the low attack areas.

Corrosion of carbon steel, mpy ' Xc. s.
Duration of exposure, days X,
Wt. % water added X,
Temperature, °C X,

Xc.s. = 1,2749X7F - 31.01X,X, - 119, 8X,X, + 41.42X,X, + ., 2703

Corrosion of aluminum, mpy Xal,
: ‘Duration of exposure, days X,
Wt % water added X,
Temperalure, °C X,

Xal, z 1.7017X72 - 50.8057%,X, - 140. 883X,X, + 287. 786X} + 17, 280X -
1. 94310

D. Static Tests of Titanium in Stainless Steel Containers

6.18 Titanium (75A and 6A1-4V) was not attacked at 21”7 or 74°C during
exposures of 9 and 27 days in N,0O, containing 0 to 3, 2% added water. For-
mation of pyrophoric compounds did not occur. Several exposed specimens
were struck in the absence of N,O, with a hammer with the only result that of

denting the specimens,

E, Stress Corrosion Tests

6.19 'I‘hree' metals, carbon lteei. aluminum, and PH 15-7 Mo (condition
RH 950) stressed to the yield point were exposed at 49°C to N,O, containing 0. 1
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and 1.6 wt % water. Afte. 41 days no cracks were apparent by visual exam-
ination. Photomicrographs likewise did not reveal any signs of stress corro-
sion cracking.

F, Elastomex_'_s_

6.20 Several plastics and types of rubber were exposed to liquid N0, at
room temperature. Data are shown in Table 22, Appendix I  All but two,
Kel-F and Teflon, failed to retain their original properties for more than a
few hours. Koroseal was a borderline case, changing appearance and dimen-
sions but becoming stiffer and much stronger after exposure and subsequent
air drying. In this manner, all but Kel-F and Teflon were eliminated for pos-
sible uce in transporting liquid N,O4 and these two werc tested as describad in
paragraph 6. 22,

G. Dynamic Tests

6.21 Two tests were run by circulating commercial N,0, at 26° to 31°C,
1z to 15 gpm (about 10 ft/sec across metal specimens) in a closed system.
Data are shown in Table 23, Appendix I, Average penetration rates for met-
als in both tests cal:ulated on the basis of the circulation time are shown in
Table 7.

TABLE 7

CORROSION RATES IN FLOWING COMMERCIAL N0, AT 26 - 31°C

Average
Corrosion Rate
Metal Appearance mpy
Carbon steel, ASTM A-285, Grade C Slightly tarnished 0.33
Stainless steel, 304-L Bright 0.01
Stainleas steel, PH 15-7 Mo Bright 0.00
Aluminum, 5086 Bright 0.05

Corrosion rates based on the total exposure time, including periods when the
pump was not running, were lower, Welded nipples of carbon steel, stzinless
steel (304), and aluminum through which N,0, returned to the reservoir were
cu! lengthwise, All welds and nipple interiors were in excellent condition.
Stainless steel (304) and carbon steel ells removed from the piping were in ex-
cellent condition. The carbor. steel (ASTM, A-285, Grade C) and stainless
steel (304-L) impingement plates kept their original bright finish, The carbon
steel plate showed a corrosion rate of 0.23 mpy. The astainless steel plate
was not afiected,

6.22 Teflon proved to be the most satisfactory of the plastics tested al-
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though it underwent a slight swelling and suffered a reduction in strength.
Kel-F also swelled and lost strength as shown in Table 8.

TABLE 8

BURSTING STRENGTH AND BEND TESTS OF TEFLON AND KEL-F TUBES

Teflon, 13/16 in. OD Kel-F, 5/8 in, OD

Before After Before After
Hoars containing N,O, 0 624 0 381.5
Hours containing flowing N,O, - 205 - 2.5
Bursting strength, psig 1000+ 690 1000+ 455
Bend in 21 inch horizontal
length, inches
Vertical load,
_grams
0.0 7/16 2-5/8 1-1/4 3-1/2
136.5 1-1/2 3-7/8 1-7/8 11-1/4
536.5 4-1/2 7-1/2 4 -
1036.5 7-7/8 - 6-3/4 -

6.23 African Blue Asbestos and Teflen Impregnated Asbestos (Palmetto
1330) appeared to be unchanged by exposure in the reservoir. Teflon and Xel-
F were only slightly discolored. Korosgeal shrunk, polyvinyl chloride swelled,
and Alathon crumbled. Johns-Manville Service Asbestos blisctered and showed
slight dimensional shrinkage; however, it gave excellent service as flange gas-
kets.

6.24 The canned pump (Chempump Modcl CFH 1-1/2-3/4) appeared to be
unaffected by the 205 hours scrvice. The wetted portion of the pump was con-
structed of stainless steel (316). The bearings, also wetted with N,O,, were
made of Graphitar. This pump was run with an average suction pressure of
about 6 psig and a discharge pressure of about 50 psig. Previcusly, 2 standard
centrifugal pump (Worthington Model 3/4 CNG-4ZA) was used. It was equipped
with the conventicnal lantern ring packing gland. Three grades of packing, Af-
rican Blue Asbestos, Teflon cone or chevron rings, and Kel-F chevron rings
were used, the latter lubricated with Kel-F 90 greass. In no case were more
than 10 hours running time obtained without total failure of the packing.
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APPENDIX 1

TABLE 9

Certified Mill Test of Metals

TABLES 10 THROUGH 23

Corrosion Data of Materials Tested in N,O,
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TABLE ¢
A

CERTIFIED MILL TESTS OF MET|

Sheet
Materal Purchused From No. Heat No. Chemical Composition »
Carbon Steel Morris, Wheeler Co. A-12 47281 C Mn P S
ASTM A-285 Grade Philadelphia, Pa. Phoenix .16 .37 .0l6 .030
C Firebox Steel Order No. HNR24691
Type 304 ELC Steel Specialties, Inc. - £86598 C Mn | 4 S Si Cr N
Stainless Steel Order No. HNR247%3 . 024 1.38 .025 .012 .59 18. 90 10. 64
Aluminum Alloy Reynolds Metal Co. S1 Fe Cu Mn Mg Cr 7.n
5086 - H34 Louisville, Ky. - - . 40 .50 .10 0.2-0.7 3.5-4.5 .05..25 .25
(from Keynolds Aluminum Shret 2-4-6, dated March 16,

Titenium-Grade 75A  Titanium Metals Co. 4-2 M-9082 C Fe N; H,

of America .026 .28 .933 .004

New York, N.Y.

Order No. HNR25450
Titanium - Grade Titanium Metals Co.  12-1 M-8543 C Fe N2 Al Va H,
6AL-4V of Amarica .028 .17 .01l 6.0 4.1 .005

New York, N.Y.

Order No. HNR 25450
PH15-7 Mn Stainless  Armco Steel Corp. - 56254 [of Mn P S Si Cr N Mo
Steel Middletown, Ohio .075 .60 .021 . 006 . 26 15. 14 17.20 2.22

Aluminum Alloy
5086-Welded

Richuiond Eng. Co.
Richmond, Va,
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butt ends were welded togethicr with filler metal Type A
at 100 amperes.
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TABLE 9

CERTIFIED Mi.l. TESTS OF METALS .
Physical Properties
105% Ber
Test
Tensle Press
Chemical Composition Test No.  Yaeld Pt.  Strength Elongation Brake
(of Mn P S
.16 37 .06 .030 - 36, 700 56,100 317 - 8" -
Mn P ] si Cr Nt
1.38 .02% .012 .59 14.90 10.64
Others Others
Fe Cu Mn Mg Cr 7.n Each Total Al
.50 .10 0.2-0.7 3.6-4.5 .05-.25% . 25 .05 .15 Remander
*leynolds Aluminum Sheet 2-4-6, dated March 16, 1959)
Fe N, H, A2605
.28  .033 .004 4L 82,500 102, 200 21.0 1.9
T 87,400 104, 700 22.0 1.9
Fe N, Al Va H, A-1364
17,011 6.0 4.1 .005 12L 132, 400 142, 900 13.0 3.6
T 142, 100 148,500 12.% 3.9
Mn P S Si Cr Na Mo Condition
.60 .02f .006 .26 15.14 7.20 222 RH950 219,000 233,000 5-2* -
Rockwell C
47

1 supplied by Reynolds Metal Co. was sent to Richmond Engineering Company for welding by the Heliarc process. Square
ds were welded together with filler metal Type A.W.S. - A.S. T.M. E-5356 1/8" diameter usning A.C. high frequency current
amperes,
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SUMMARY OF CORROSION RATES OF METALS TESTED |
ALLUMINUM CONTAINER

TABLE 10

PuEN:TRATIOM

% Water Added 6.0 0.0 0.2 0.2 0.4 0.4 0.5 0.5 0.8 0.8 1.0
_'l'omp- Days Days Incre. Accum.Incre. Accum. Incre. Ac~ura  Incre. Accun. Incre. Accum. Incy
°C Incre. Accum, CARBON STEEL ASTM
-9 14 14 0.01 0.01 0.03 0.03 O0.11 o0.1] 0. 20 0. 20
-9 21 35 0.05 0.03 ©.03 0.03 0.22 0.17 0.43 0.32
-9 21 56 0.01 0.2 0.03 103 0.33 0.22 0. 24 0.29
46 28 28 0.02 0.02 3.56  3.56 5. 64
46 28 56 0.17 o0.10 1.56 2.56 2. 1§
46 25 8l 0.21 0.13 1.25 2.12 0.9
4h 28 109 0.22 0.16 1.07 1. 86 2. 04
74 14 14 0.06 0.06 8. 28 8.28 13. 1
74 14 28 0.07 0.07 1. 21 4.75 1. 76
74 14 42 0.06 0.06 0.87 3. 45 9.
74 i4 56 0.67 0.07 0.46 2.71 1.1
74 14 70 0.66 0.18 0.49 2.26 0.7]}
STAINLESS STEEL
-9 14 14 - - 0.00 0.00 - - - -
-9 21 35 0.0 0.00 0.00 0.00 0.00 0.00 92,00 0.00
-9 21 56 0.00 0.00 0.00 0.00 0 00 0.00 0.00 0.00
46 29 28 0.00 0,00 0.11 0.11 0
46 28 56 0.0 0 C0 0.41 0.26 0.5
46 25 81 0.00 0.00 0.0 0 27 0.4
46 28 109 0.06 0.00 0.23 0. 26 0.3
74 14 14 o0.0f 0.0} 3.99 3.99 3.1
74 14 28 0.90 0.931 1.98 2.99 LS
T4 14 42 0.00 0.00 1. 37 2. 45 1.1
14 14 56 0.00 0 00 1.03 2.09 0.8
74 14 70 0.00 0.00 0.79 1.83 0.6
ALUMINUM 5086
-9 14 14 0.CS 0.05 0.04 0.04 0.10 0.10 2.88 2.88
-9 21 35 0.00 0.03 0.00 0.02 0.09 0.09 0.63 1.76
-9 21 56 0.00 0.02 0.04 0.03 0.08 0.09 0.5} 1. 34
46 28 28 0.03 0.03 1.98 1.98 6.2
46 28 56 - - 1.18 1.58 1.4
46 25 81 - - 0. 87 1.34 1.0
46 28 109 0.60 0 01 0.6l 1. 16 0.7
T4 14 14 0.04 0.04 8. 50 8.50 26
74 14 28 0.00 0.02 0.45 4.48 0.
74 14 42 0.00 0.0] 0.72 3. 22 0.1
4 14 $¢ 0.02 ¢.02 1.39 2,77 0
74 14 0 093 0.02 0.16 2. 24 0

IMPORTANT- Teflon was found to affect the corrosion rates of carbon steel
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TABLE 10

HARY OF CORROSION RATFS OF METALS TESTED IN STATIC N,0, IN TEFLON-LINED
ALUMINUM CONTAINERS

PEN:TRATION MILS PER YEAR

s of carbon s:eel and stainless steel. See the discussion under Effects o! Teflon.
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0.4 0.4 0.5 0.5 0.8 0.8 1.0 1.0 l.o 1.6 2.0 2.0 3.0 3.0 3.2 3.2
Incre Accum Incre  Accum. Incre. Accum. Incre. Accum Incre. Accum. Incre. Accum. Incre. Accum. Incre. Accum.
CARBON STEEL ASTM A285 GRADE C

0.11  0.11 0. 20 0.20 0.55 0.53

.22 0.17 0.43 0.32 0. 60 0.57

0.33 0.22 0. 24 0. 29 0. 83 0. 65
3.56 3.56 5.62 5.62 - - 16.27 16.27
1.56 2 56 2.12 3. 81 - - 4.89 10.58
1. 25 2.12 0.93 2. 89 - - 1.9¢ 7.7
1.07 1. 86 2.06 2.68 4.56 4.56 1.2¢6 6.10
8.28 8. 28 13. 24 13. 34 25.63 25.6)3 40.46 40.46
1.2} 4.75 1.7C 7.52 2.56 14. 10 3.41 21.94
0. 87 3.45 0. 40 5.15 0.95 9.71 0.94 14.9%
0. 46 2.7 .13 4. 14 4.00 8. 29 0.63 11.36
0.49 2.26 0.71 3. 46 3.83 7.39 3.47 9.78

STAINLESS STEEL 304 L
- - - - 6.02 0.02

0.00 .00 0.00 0.00 0.00 0.01

0 00 0.00 0.00 0.00 ¢ 00 0.01
0.11 0.11 0. 60 0. 60 1. 36 1. 36 .79 L1719
0.41 0. 26 0.58 0.59 0.97 1.172 1.11 1.4%
0.30 0 27 0.43 0.54 0.73 1.02 0.82 1.3
0.23 0. 26 0. 34 0.49 0.5% 0. 9% 0.63 1.17
3.99 3.99 3.19 3.19 4.58 4.58 4.58 4.58
1.98 2.99 1.68 2. 44 2.74 3. 66 3.12 3185
1.37 2. 45 1.13 2.00 1.88 3.07 .28 13133
1.03 2.09 0. 82 1. 71 1. 42 2. 66 1.8 2.9
0.79 1.83 0. 65 1. 49 1.05 2.33 1.49 2.66

ALUMINUM 5086

0.10 0.10 2.88 2.88 4.04 4.04

0.09 0.09 0.63 1.76 1.79 2.82

0.08 0.69 0.5] 1.34 0.85 2.16
1.98 1.98 6. 28 6. 28 e2.31  22.3 34.61 34.61
1.18 1.58 1. 41 3, 8% 9.92 11.65 0.94 17.78
0.87 1. 34 1.08 2.92 0.52 7.94 9.53 12.03
0.6] 1. 16 0.72 2.37 0.39 6.0% 0.47 9.14
8.50 8.50 26. 79 26. 79 41.4% a4 67.5¢ 67.5¢
0.45 4.48 0.00 13.40 0.23 0. 84 0.61 34.08
0.72 3.22 0.10 8. 96 3.57 14.08 2.92 23.02
1.39 2.1 0.31 6.9 0.10 10.5¢ 0.16 12.31
0.16 2. 24 0. 20 5.48 0.13 8.50 0.9 14.04¢




TABLE 1}
CORROSION RATES OF CARBON STEEL
{ASTM A285 GRADE C) IN STATIC N,O, IN TEFLON-LINED ALUMINUM CONTA
PENETRATION IN MiLS PER YEAR
Temperature -99C(16°F) 46°C(115°F)
Water Added, Wt % 0.0 0.2 0.4 0.8 1.6 0.0 0.5 1,0 2.0 3.0 0.0
Days in Period 14 14 14 14 14 28 28 28 28 14
mg Loss 4 0.1 1.3 2.0 5.2 12.5 1.1 196.¢  279.8 867.9 1.9
B 1.0 0.4 2,8 44 2.1 1.0 170.7  275.6 794.3 1.6
c 0.1 0.5 31 82 14.8 0.6 176.4 25213 788. 4 1.2
Avg. 0.4 0.7 2.6 5.0 13,1 0.9 1L1.0 2719.2 816.¢ 1.7
Penetration(l) Avg. 0.01 0.03 0.11 0.20 0.53 0.02 3.%6 5, 62 16. 27 0.96
Penetration(2) Avg. 0.01 0.03 0,11 0,20 0.53 0.02 3.56 5.62 16. 27 0.06
Days in Pericd 21 21 21 21 21 28 28 28 28 14
Days votal 35 35 35 k1 38 56 %6 56 56 28
mg Loss A 1.0 1.3 8,0 16.8 23.6 8.7 19.5 108. 4 253.1 -
B 1.5 1.6 9.1 176 27.4 9.0 76,0 102.1 240.9 2.5
c 2.4 0.9 6.7 12,6 18.4 8.4 83.1 106. 4 242.3 L4
Avg, 1.6 L3I 7.7 15,7 23.1 8.7 79.5 10%. 6 245. 4 2.0
Penetration(l) Avg. 0.05 0.03 0.22 0.43 0.60 0.17 1.56 2.12 4.89 0.07
Penetration(2) Avg. 0.03 0,03 0.17 0.32 0.57 0,10 2 56 3.87 10. 58 0.07
Days in Period 21 21 21 21 21 25 25 25 25 14
Deys Total 56 56 56 56 56 8) 8l 8] 81 42
mg Loss A 0.5 1.3 120 9.4 26.4 10.2 57,7 42,1 92,2 3.0
8 0.7 1.1} i4.6 9.8 31.8 9.4 s4.2 19,9 88, 6 2.4
C 00 10 93 7.4 333 8.4 s81 42.1 85.9 0.7
Ave. 0.4 1.} 120 8.8 3.5 9,3 86.7 41.4 88.9 2.0
Penetration(l) Avg. 9.20 0.03 0.33 0.2¢9 0.83 ¢.21 2 25 0.93 1. 98 0.06
Penetration(2) Avg. 0.02 0.03 0.22 0.29 0.65 0.13 2.12 2. 89 7.7 0.06
Days in Period 28 28 28 109 8 14
Days Total 109 109 109 109 109 56
mg Loss A 11.7 53,7 104.3  863.7 67.8 2.1
8 1.4 54,1 99.0 886.6 6%.8 2.0
c 9.9 55.0  104.0 926.5 60.7 1.8
Avg. 1.0 54,3 102.4 892,32 63.4 2.0
Penetration(1) Avg, 0.22 1,07 2,66  4.56 2. 28 0.07
Penetration(2) Avg. 0.16 1.86 2.68  A.56 6.10 0,97
Days in Period 14
Days Total 70
mg Loss A 30. 4
° 20.0
C 3.9
Avg. 18. 1
Penetration(l) Avg. 0. 66
Penetration(2) Avg, 0;18 H

IMPORTANT. Teflon wan found to affect the corrosion rate of carbon steel. See the discussion under Effec

(L) Penstration MFY Increment.
(2) Penetration MPY Accumulative,

WADD TR 60-384 28
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CORROSION RATES OF CARBON STEEL
A285 GRADE C) IN STATIC 8,0, IN TEFLON-LINED ALUMINUM CONTAINERS

_TABLE 11

PEMETRATION IN MILS PER YEAR

saeny,
tnulative.

to affect the corrosion rate of carborn steel.

28

See the discussion uader Effects of Teflon,

-9°C(16°F) 46°c(115°F) 74°C(165°F)
[_._4_2' 0.4 0.8 1.6 0.0 0.5 1.0 2.0 3.0 0.0 0.5 1.0 2.0 3.0
“ 14 14 14 28 28 o8 28 14 14 14 14 14
3 2.0 5.3 12,5 1 196.0 277. 8 867.9 1.9 222, 6 367. 1 696. 2 1096. 6
4 2.8 4.4 12,1 1.0 170.7 275. 6 794.3 1.6 227.5 366. 4 703.8 1118.3
5 3.1 5.2 14.8 0.6 176. 4 282.3 788. 4 1.2 228,13 367.3 692.5% 1095.0
7 2.6 5.0 13,1 0.9 181.0 279.2 816.9 1.7 226.} 366.9 697.5 1103, 3
03 0.11 0,20 0.53 0.02 3,56 5.62 16, 27 0.06 8.28 13,34 2¢. 613 40, 45
03 0.11 0.20 0.53 0.92 3,56 5,62 16. 27 0.06 8. 28 13.34  25.63  40.46
b 2] 21 21 28 28 28 28 14 14 14 14 14
35 3s 35 56 56 56 55 28 28 28 28 28
3 80 6.8 23,6 8.7 79.5 108. 4 2513, 1 - 33,1 47.8 73.6 93.3
,6 9.1 17.6 27. 4 9.0 76.0 102.1 240.9 2.5 34,3 45.5 67.7 89.7
L 9 6.7 12,6 18. 4 8.4 83.1 106. 4 242.3 i. 4 3i.8 46. 6 €8.1 95.9
L J 7.7 15.7 23.1 8,7 79.% 108. 6 245.4 2.0 33.1 46.6 69.8 93.0
.03 0.22 0.43 0,60 0.17 1.56 2.12 4. 89 .07 1. 21 1.70 2.5% 3. 41
.03 0.17 0.32 C.57 0.10 2.56 3. 87 10,58 0.07 4.75 1.52 4. 10 21.94
1 21 21 z1 25 25 25 25 14 14 14 14 14
56 54 56 81 81 81 81 42 42 42 42 42
3 12. 9.4 26. 4 6.2 57,7 42,1 9z.2 3.0 24. 4 11.0 24. 8 24. 6
1 14.6 9.3 31.8 Y. 4 54,2 39.9 88.6 2.4 25.0Q 10. 6 25.5 26,1
0 9.3 7.4 33.3 8.4 658, 2 42.1 85.9 2.7 22.5 19.9 26.9 26,3
1 12.0 8.8 30.5 9.3 56,17 4i.4 88.9 2.0 23. 9 10.8 25.7 25.17
03 0.33 0.24 0,83 0.21 1. 25 0.93 1.98 0.06 0,87 0,40 0,95 0.94
03 0.22 0.29 .65 0.13 2.12 2. 89 7.7 .06 3.45 .15 9.71 14. 94
28 28 28 109 28 14 14 14 14 4
109 109 109 109 106 56 56 56 56 56
11,7 5.7 104. 3 §63.7 67.6 2.1 12.3 30.9 107.9 17.3
11.4 54.% 99,0 886. 6 61.8 2.0 13.7 31.3 107.9 17.0
9.9 55.0 104.0 926.5 60,7 1.8 14, 4 3.1 110.8 17.5
11.0 54.3 102. 4 892.3 63.4 2.0 13.5 31,1 108.9 17. 3
0.22 1,07 2.06 4.56 1. 26 0.07 0.46 .15 4. 00 0.63
0.16 1. 86 2.68 4.56 6. 10 Q 07 2. 71 4,14 6,29 11,36
14 14 14 14 14
. 70 70 70 70 70
30. 4 13.9 19. 6 101. 8 88.0
20,0 13,6 19.2 102.1 103.1
3.9 12.6 19. 8 108.5 92.9
18.1 13. 4 19.5 104. 1 94.7
0.66 0.49 2.71 3.83 3.47
0.18 2,20 3. 46 7.39 9,78




TABLE 12

CORROSION RATES OF TYP? 304-L STAINLESS STEEL IN STATIC N;O, IN TEFLON-LINE

PENETRATION IN MILS PER YEAR

Temperature -99C(15°F) 46°C(115°F)
Water Added, Wt % 9.0 0.2 0.4 0.8 1.6 0.0 0.5 1.0 2.0 3.0
Days in Period 14 14 28 28 28 28 28
mg Loss A 0.9 0.5 0.0 4.9 .2 60. 1 80. 8
R 0.0 n.3 0.0 5.1 28.0 $0.5 83.3
C 0.0 0.4 0.0 5.5 9.0 619 8.5
Avg. 0.0 0.4 0.6 4.9 2.7 60,8 82.2
Penetzation(l) Avg. ¢.00 9,02 0.00 0.1 8. 60 1. 36 1.79
Penetration(2) Avg. 72.00 0.02 0.00 0.1} 0. 60 1. 36 1.79
Days in Period 35 21 35 35 21 28 28 28 28 28
Days Total 35 35 35 35 35 56 56 56 56 56
mg Loss A %0 0.0 ¢©¢0 0.0 0.0 0.2 18, 4 26. 4 42.4 49.6
B 5,0 0.0 00 0.0 0.0 0.1 18. 7 21.5 44. 4 s1. 4
c 2,0 4.0 0.0 00 ¢.0 0.1 18.7 26. 4 43.6 2], 8
Ave. 0.0 0,0 960 G.¢ 0.0 0.1 18. 6 26.8 43.5 50.9
Penetration(1) Avz. 0,00 G.00 118G 0.90 0.00 0,00 0,4l e.58  0.97 t.12
Penetration(2) Avg. 0,00 0.00 0.00 0,00 0.0 0.060 0,26 C.59 1.17 1.45
Days in Period 21 21 21 21 21 25 25 25 25 25
Days Total 56 56 56 56 56 81 81 81 sl 81
mg Loss A 0.0 0,0 0.0 0.3 0.0 0.0 12,2 17.5 29.0 3.1
B 0.1 0.0 0.0 0.3 6.0 0.0 12. 6 18. 1 29.5 13,6
c 0.0 0.0 0.0 0.0 0.0 0.1 12. 4 17. 4 2.2 4.1
Avg. 0.0 0.0 0.0 ©.2 0.0 0.0 12. 4 i1.7 292 33.6
Penctration(l) Avg. 0.00 0.00 0,00 0,00 0.00 0.00 0,30 0.43 0.73 0.82
Penetration(2) Avg. 0.00 0.00 0.00 0,00 0.0} 0.00 0.27 0.54 1.02 1. 24
Days in Puriod 28 28 28 28 28
Days Total 109 109 in9 ico 109
rag Loss A 0.0 10.7 15.4 24,3 28,0
B 0.0 19.9 15,7 25.2 29.2
< 0.0 10. 7 15.5 24.2 29.1
Avg. 0.0 10. 8 15.5 24. 6 8.8
Peanstration(l) Avg. 0.00 0,23 0. 34 0.5% 0. 63
Panetration(2) Avg. 0.00 0.26 0. 49 0.90 1.09
Days in Period
Dayc Total
mg Loss A
B
C
Avg.
Penetration(l) Avg.
Denetration(2) Avg.

IMPORTANT- These rates are Xrown to be high hecause of the presence of Teflon.

(1) Penetration MPY Increment.
(2) Penetration MPY Accumulative,
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TABLE 12
i RATES OF TYPE 304-L STAINLESS STEEL IN STATIC N,O, IN TEFLON-LINED ALUMINUM CONTAINERS
PENETPATION IN MILS PER YEAR
29°C(15°F) 46°C(115°F) _ 74°C(165°F)
0,0 0.2 0.4 0.8 1.6 0.0 0.5 1.0 2.0 3.0 0.0 0.5 1.0 2.0 3.0
14 14 28 28 28 28 28 14 14 14 14 14
0.0 0.5 0.0 4.0 26.2 60. 1 80. 8 0.3 98.3 5.1 118.0 115.3
0.0 0.3 0.0 5.1 28,0 60.5 83.3 c.0 t1t. 2 83,0 180 1187
0.0 0.4 0.0 5.5 29.0 619 2.5 0.2 97.1 88. 2 112.8  115.9
Ls- 0.0 0.4 0.9 4.9 21.7 60.8 82.2 0.2 102.2 82.} 116.3 116, 6
M. G.00 0,92 0.00 0.11 0. 60 1. 36 .19 0.01 399 3.19 4.58 4.58
V2, 0.00 0,02 0,00 0.1) 0. 60 1. 56 .79 0.0 399 3.9 4,58 4.58
3 21 35 3% 21 28 28 28 28 28 14 14 14 14 14
35 35 35 35 15 56 56 56 56 %6 28 28 28 28 28
0.¢ 0.0 0.0 9.0 6.0 0.2 18. 4 26. 4 42. 4 49. 6 0.9 50.4 42.2 72,3 79.5
0.0 0.0 0.0 0.9 0.0 0.1 :8.7 7.5 44. 4 51. 4 c.0 52.1 43.1 69.3 79.0
0.0 0.0 0.0 0.0 0,¢ 9.1 i8.7 26. 4 43.6 51,8 0.0 50.0 45.0 67.2 79.5
¢ 6.0 0.0 0.0 0.0 0.0 n.1 18, 6 25. 8 43,5 50.9 0.0 50.8 4). 4 69,6 79.3
g L.00 2,00 0,00 0,00 0.00 0,00 0.4 0.58 2,97 1.11 0.00 1.93 1.68 2.74 3.12
'v;. 3.00 0.00 ¢,06 0,00 0,01 0.06 0.26 0.59 1. 17 1. 45 0.1 2.99 2.44 3,66 3.8
21 21 21 2l Pel 25 25 25 25 25 14 14 14 is 14
56 56 56 56 56 81 81 81 ] 81 42 42 42 42 32
0.0 0.0 0.9 0.3 0.0 0.9 12.2 175 23.0 33,1 0.¢ 35.0 28.5 4. 1 58.3
! 0.1 0.0 0.0 c.) 0.0 0.0 12. 6 18.1 29.5 336 0.0 3.8 29,3 47.¢ 57.8
0.0 0.2 6.0 0.0 0.0 0.1 12. 4 17.4 29.2 34.1 0.1 36.4 29.3 46.6 58.!
jvg. 0.V 0.0 0.0 9.2 0.0 0.0 12. 4 17.7 29. & 33.6 0.0 KL | 27.0 47.8 58. 1
vg. ¢.00 0.0 0.00 4,00 0,00 0.00 0.30 G. 43 13 0. 82 0.06 1.37 .13 1.88 2.28
jvg. 0.06  0.60 0.00 .00 0.0! o0.00 .27 0.54 1,02 1, 24 0,00 2,45 2.00 3.07 3.33
28 28 23 28 28 ~— 4 14 14 14 14
109 109 108 ¢ 1n9 56 L1 56 56 %6
¢.0 10. 7 15. 4 24.3 28,0 O, 26.2 an.d 36.9 45.8
0.9 10.9 15.7 25.2 29.2 0.0 N1 20.9 5.9 45.3
0.0 10.7 15.5 24,2 £9. 1 2.0 26. 1 2.8 B2 45.9
v§. 0.0 10.8 15.% 24.6 28.8 0.6 2655 2.2 6.0 45.8
ve. 0.00 0,23 0. 34 0.55 9,63 0.¢0 .63 0.82 1.42 1. 81
ve. c.00 0.26 G. 49 0.90 1.09 0.0 2.09 1.n 2. 66 2.9%
14 14 14 14 14
3 70 70 10 10
0.4 20.% 16.5 21.0 3.8
0.0 20. 4 16. 6 27.2 37.5%
6.0 20. i 17.0 25.5 38.0
ve. 0.1 20.3 16. 8 26.6 1.8
ve. n.of  9.79 0.65 :.05 1.49
VK. L L PR N 1. 49 233 2. 66
ralest are known to be NWigh because of the presence of Teflcn.
fon MPY hicrrinent, "
Ton MPY Accumulative, £
4 29
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TABLE 13

CORROSION RATES OF 5086-H34 ALUMINUM IN STATIC N.O, IN TEFLON-LINED A

PENETRATION IN MILS PER YEAR

Temperature -9°¢(15°F) 46°C(115°F)
Water Aaded, Wt % 0.0 0.2 0.4 0.8 1.6 0.0 0.5 1.0 2.0 3,0
Days in Period 14 14 14 14 14 28 28 28 28 28
mg Loss A 0.2 0,2 0.9 20.4 27.9 0.4 29.2 116.4  334.3 518.6
B 0.2 0.4 0.7 23.0 33.4 0.4 30. 3 63.1 333.8 515.3
C 0.6 0.4 0.7 2.4 29.6 0.4 3.0 108.4 259.4 545.2
Avg. 0.3 0.3 0.8 2.6 30.3 0.4 30. 2 96.0 342.5 526.4
Penetration(l) Avg. 0.05 0,04 0.10 2.8 4.04 0.03 1.98 6. 28 22.31  34.61
Penetration(2) Avg. 0.05 0,04 0.10 2.88 4.04 0.03 1.98 6. 28 22.31  34.6i
Days in Period 2i 21 21 21 21 28 28 28 28
Days Total 35 35 3% 38 35 56 56 56 56
mg Loss A 0.0 0,0 1.4 69 155 17.7 21.6 15. 4 14. 1
B 0.0 0.0 0.9 7.7 1%.5 18. ¢ 20.1 15.5 14. 4
C 0.0 0.0 0.9 6.5 22.% 18.0 22.6 14.9 4.1
Avg. 0.0 0.0 1.1 70 17. 8 18.0 21.6 15.3 14. 2
Penctration(l) Avg. 0,00 0,00 0.09 0.63 1.59 1. 18 i.41 0.99 0.94
Penctration(2) Avg. 0.03 0.02 0.10 1.76 2.32 1.8 3. 85 11.65 17.78
Days in Period 2l 21 21 21 21 25 25 25 25
Days Total 56 56 56 56 56 81 8l 81 8l
mg Loss A 0.0 0.3 0.8 4.8 9.9 10. 8 14.3 8.3 7.8
B 0.0 0.5 0.8 7.0 10.1 12.1 15. 4 1.2 7.6
C 0.0 0.6 1.0 5.5 8.8 11.4 14.1 6.2 6.4
Avg. 0,0 0.5 0.9 5.8 9.6 11. 4 14.7 7.2 7.3
Penetration(l) Avg. 0.00 0.04 0.08 0©.51 0.85 0. 84 1.08 0.52 0.53
Penetration(2) Avg. 0.02 0.93 0.09 1.34 2.16 1.33 2.92 7. 94 12.03
Days in Period 8! 28 28 28 28
Days Total 109 109 509 109 109
mg Loss A 6.0 9.1 11.2 .2 6.7
B 0.0 9.3 10.9 5.8 7.4
C 0.0 9.5 1c.8 5.6 7.2
Avg. 0.0 9.3 i1.0 5.9 .1
Penetration(1) Avg. 0.00 0.61 0.72 0.39  0.47
Penztration(2) Avg. 0.02 1.1% 2.37 6.05 9. 14
Days in Period
Cays Tota}
mg ioss A
B
C
Avg.
Fenetration(l)j Avg.
Penetration(2) Avy,

(1) Penctration MPY Increment.
(2) Penctration MPY Accumulative,

WADD TR 60-384 390




TABLE 13

-H34 ALUMINUM IN STATIC N.O, IN TEFLON-LINED ALUMINUM CONTAINERS

PENETRATION IN MILS PER YEAR

30

15°F) 46°C(115°F) 74°C(165°F)
0.8 9.0 0.5 1.0 2.0 0.5 1.0 3.0
14 2 28 28 28 14 14 14
20. 4 0.4 29.2  116.4 334.3 69.5  219.1 757.3
23.0 0.4 30.3 631 333.8 77.1 231.0 456.4
21. 4 0.4 3.0 108.4  359.4 65.7  211.2 453.0
21.6 0.4 30.2 96.0  342.5 70.8  220.4 555, 6
2.88 0.03 1.98  6.28  22.3) 8.50 26,79 67.54
2. 88 0.03 1.98 6.26  22.31 8.50  26.79 67.54
21 28 28 28 14 i4 14
35 56 56 56 28 28 28
6.9 17.7 21,6 15.4 .6 0.0 4.4
7.1 18.4  20.7  15.5 3.4 0.0 5. 0.
6.5 18.0 22,6  14.9 4.3 0.0 5.7
70 18.0  21.6  15.3 3.8 0.0 5.0
0.63 1.18  1.41  0.99 0.45  0.00 0. 6!
1.76 1.58 3,85 11. 65 4.48  13.40 34.08
21 25 25 25 it 14 14
56 8! 81 83 42 42 42
4.8 10.8  14.3 8.3 6. 4 0.8 37
7.0 121 15.4 1.2 5.7 0.9 7.5
£.5 1.4 143 6.2 5.9 0.7 6.6
5.8 1.4 147 1.2 6.0 0.8 7.6
0.51 0.8 1.08 0.52 0.72 0.10 0.92
1.34 1.3 2.92  7.%4 .22 8.96 23.02
28 28 28 14 14 14
109 109 109 56 56 56
9.1 1.2 6.2 120 1.7 1.3
9.3 10.9 5.8 1.4 2.6 1.3
9.5 10.8 5.6 1.2 0.9 1.4
9.3 1.0 5.9 nms 17 1.3
0 0.61 0.72 0.39 1.39 0.3} 0.16
2 115 231 6.05 271 6.8 17. 3
i4 14 14 14
70 70 70 70
0.1 1.3 2.0 8.5
0.3 LS .3 8.0
0.2 L1 0.9 7.3
0.2 1.3 1.7 7.9
0.03 0.6 0.20 0. 96
0.02 2.24 5.48 14.04




Container Dia. x Length

Material

Vol. N;O,. ml

HO, Wt %

Metal Exposed
Metal Area, 3q. cm
Teflon Precent

Kind Teflon

Araa Teflon, 8q. cm

g H;0/eq. cm metal
8q. cm Teflon/g N,O,

Temp. ,°C
Days Exposure

Lossec, mg

w N

Avg,

EFFEC
D |

3-3/16" x 11-11/16"
Stainless Steel 304

300 300 300 600 600 600
1 1 1 3 3 3
Carbon Stesl (1) Carbon Steel{l) Alu
4.8 24. 8 24.8 32. 4 33.7 33 5
Yes Yes No Yes No Yes
Gar- Gar- Air Air
lock lock Force For
522 322 322 322
0.017 0.017 0.017 0.79 0.76 0. 82
0.7% 0.7% - 0.38 - 0. Sﬂ
Room tempurature, ca. 25°C 74 74 74
17 14 14 6 6 6
11. 6 3.9 1.5 15. 1 12. 4 1184 113 3196
12.0 3.0 1.4 17.5 12. 4 1178 111 402
11. 8 3.5 1.% 16.3 12. 4 1179 112 399
0.3 0.1 1.7 1.3 22 20,1 240

Penetration, MPY Avg., 1.1

(1) Carbon Steel ASTM A285 Grade C

WADD TR 60-384
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TABLE 14

EFFECT OF TEFLON

SERIES B SERIES C
" 4-1/4" x 11-1/2" 4-1/4% x 1i-1/2%
Stainless Steel 304L Stainless Steel 304L
300 300 60C 600 600 600 600 600 600 600 600 600 600 600 600
1 1 3 3 3 3 3 3 3 1 1 P 2 3 3
Carbon Steel(l) Aluminum 5086 Stainless Steel 304L Carbon Steal (1)

24. 8 24. 8 32. 4 33.7 31. 4 31.6 25.9 35.9 30.9 34 34 34 34 34 ¢
Yes No Yes No Yes No Yes No Yes Yes No Yes No Yes No
Gar- Air Air Air Gar- Air Air Air
lock Force Force Force lock Force Force Force
322 322 322 322 322 k¥y 3 322 322
0.017 ©0.017 0.79 0.76 0.82 0.81 0.72 0.72 0.83 0.25 0.2% 0.50 0.50 0.7% 0. 7%
0.75 - 0.38 - 0.38 - 0.38 - 0.38 0.38 - 0.38 - 0.38 -

s, 25°C 74 74 74 74 74 74 74 46 46 46 4% 46 46
14 14 6 6 6 6 10 10 7 7 7 7 7 7 1
15.1 12. 4 1184 113 396 24! 11 0.4 5 31.¢ 2.7 307 4.9 259.8 2.8
17. 5 12.4 1175 111 402 410 11 0.4 5 4.8 1.2 273 4.9 250.5 11.5
16.3 12. 4 1179 112 399 326 11 0.4 S 32.4 2.0 285 4.9 258.2 1.3
1.7 1.3 221 20.1 240 186 l.08 0.04 0.87 s.1 0.3 4. 4 0.7% 39.0 1.1

31

ut




TABLE 15

—

PENETRATION IN MILS FER YH

21°C (10°F)

SION RATES OF CARBON STEEL (A5TM A28¢ GRADE C) IN

CORRO

-9°¢C (15°F)

Tamperature
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TABLE 15

OF CARBON STEEL (ASTM A285 GRADE C} IN STATIC N,0, IN CAPPED Gi.ASS TUBES

PENETRATION IN MILS PER YEAR

21°C (70°F) 49°C (120°F) 74°C (265°F)
Lo 0.2 0.4 0.8 L6 32 0.0 0.2 0.4 0.8 Lo 32 0.9 0.2 0.4 0.8 L& 32
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 0.5 9.2 0.9 5.7 6.3 0.8 0.6 0.5 0.8 1l.4  48.7 0.7 0.5 0.9 3.5 119.4  345.3
.3 0.3 0.0 0.7 5.9 7.9 0.9 0.5 11 0.8 21.5 54.8 1.2 0.4 LO 10.8 1163 342.7
¢ 0.2 0.2 1.0 5.4 7.6 0.8 0.4 0.4 0.9 22.8 55.2 0.9 0.8 10 36.6 73,1 206.3
L4 0.3 0.1 0.9 5.7 7.0 0.8 0.5 0.7 0.8 21.9 52.9 0.9 0.6 1.0 26.3  102.9 298.1

3. 40 3.91 0.47 0.29 0.40 0.55 12.5%4¢ 32.77 0.58 0.32 0.57 15.68 63.71 166.42

9 9 9 9 9 9 9 9 9 9 9 9 9 9
14.9 19.2 2.2 0.3 4.9 323 199.6 244.8 0.3 0.3 1.3 42.8 222.5 534.8
6.0 20.7 0.2 0.2 4.5 3.8 130.3 2952 0.3 0.4 1.4 46.3 265.5 534.4
14.3 20.5 0.2 0.1 3.8 22.9 62.9 il15.9 0.3 0.3 1.0 25.7 149.6 363, 6
15.1 20.1 0.2 0.2 4.4 29.7 100.9 218.0 V.3 0.3 1.2 3.3 212.5 477.6

3.00 3.7 0.04 0.04 0.92 6.47 19.35 44.88 0.06 0.06 0.24 7.69 42.49 89.33

27 27 27 27 27 27 27 27 27 27 27 27 27 27

49. 6 60.9 0.2 2.8 16.3 "75.7 293.7 436.8 0.6 3.5 18.9 57.6 218.3 441.2
47.8 73.2 0.3 3.4 15.5 85.0 332.1 506.3 0.5 2.8 21. 8 60.9 234.1 448.7
44. 4 73.9 0.3 1.0 10.9 58.0 146.5 354.0 0.2 2.9 1.5 27.5 126.0 309.8
47.1 69.3 0.3 2. 4 14.2 72.© 257.4 432.4 0.4 3.1 1.4 4.7 1928 3%9.¢

3.15 4. 32 0.02 0.16 0.99 5.29 16.49 29.72 0.03 0.19 1.12 3.25 13.58 271.50
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PENETRATION IN M
219C (10°F)

CORROSION RATES OF TYPE 304-L STAINLESS ST
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74°C (165°F)

APPED GLASS TUBES

[

IN STATIC N,0, IN

16

TABLE
PENETRATION IN MILS PDER YEAR

RATES OF TYPE 304-L STAINLESS STEEL.

49°C (120°F)

21°C (70°F)
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TABLE 17

CORROSION RATES GF 5086-!134 ALUMINUM IN STAT

PENETRATION IN MILS lu

Temperature -9°C (15°F) 21°C (70°F)
Witer Added, W% 0.0 0.2z 0.4 0.8 1& 32 0.0 02 04 08 b 32
Days in Period 3 3 3 3 3 3 3 3 3 ) 3 3
mg Loss A 0.0 0.0 0.1 0.8 0.9 1.2 0.0 0.0 0.2 0.7 9.7 1.0
B 0.0 0.0 0.1} 0.8 i.1 | ] 0.0 0.9 0.1 c.8 9.4 3.0
c 0.0 0.0 02 6.8 1.3 1.4 0.0 3.0 0.2 0.7 9.0 3.3
Avg. 0.0 0.0 0.1 0.8 1.0 1.2 0.0 9.0 0.2 0.7 9.4 29.4
Penetration,
mpy Avg. 0.00 0.00 0.27 1.59 2.06 2.42 0.00 0.00 O0.34 .46 18.93 59.40
Days in Period 9 9 9 9 L] 9 9 9 9 9 9 9
mg Loss A 0.0 0.0 00 3 4 44 6.6 0.0 0.0 0.0 1.1 13. 4 24.3
B 0.0 0.0 0.0 3. 4 5.0 7.0 0.0 0.0 0.1 1.0 12.9 23.5
C 0.0 0.0 0.0 3.1 4.4 7.3 0.0 0.0 0.0 1.3 12.2 23.0
Avg. 0.0 o0 0.0 3.3 4..- 7.0 0.0 g.¢ 0.0 1.1 12.8 22.9
Penetration,
mpy Avg. 0.00 €.00 0.00 2.23 3.06 4.5% 0.00 0.00 0.00 0.75 8. 64 15.53
Days in Period 27 27 27 27 27 7 27 27 27 27 27 27 4
mg Loes A 0.0 9.0 0.2 10.2 14.3 6.5 p.0 0.2 9.7 3.5 14.8 28. 7
B 0.0 G} 0.3 12.5 151 16.3 0.0 0.0 0.7 3.6 13.4 29.5
[of 0.0 0.0 0.4 1l.ée 12.! 170 0.0 0.0 0.6 3.6 12.9 57.3
Avg. G. 0 0.0 0.3 1.4 138 16.6 0.0 0.§ 0.7 3.6 137 31. 8
Penetration,
mpy Avg. 0.00 0,00 0.07 2.57 307 3. 61 0.00 0.01 0.15 0.79 .07 7.20
WADD TR 60-384 34
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TABLE I8
RATES OF PH 15-7 Mo STAINLESS STEEL IN STATIC N;Oq IN CAPPED GLASS TUBES

PENETRATION IN MILS PRR YEAR

74°C {165°F)

4%°C (120°F)

0

21°C (70°F)

0.43 0.00 0.05 0.05 0.[0 0.22 0.5 0.13 0.00 0.09 37 1.81

0. 35

20

0. 22

0.35

0.07 0.09 0. 20

0.06

9.12 .1 0. 26 0.41

0.03

0. 06 0.04

0.02 0.07

0.02

0.00 0.00 0,06 0.06 0.39

0.00

14

6.90 0.60 0.97 c. 06 0.

0.400

G.03

0.C0 0.04

0.00

wy
o




Titanium
Temperature
Water Added, Wt. %e

Days in Period

mg Loss A
B
<
Avg.
Penetration,
Na1-3% Avg.
Days in Period
Zng Loss A
B
C
Avg,
Penetration,
mpy Avg,

+ Indicates Gain

WADD TR 69-384

TABLE v

CORROSION RATES OF 75-A AND o4l -4V TITAKIUM IN STATIC Z\':O‘

PEXETRATION IN MILS PER

Thenr

74°C (165°%)

- - X4

-—0nNn O

ceooyn
NNO W
cooO0wN
_OOOON
eooen
OO D~

®
°
g
©

9y )
0.9 0.2 0.1
0.0 0.0 +C.2
0.0 +0.1§ 0.6
0.0 +C.1 +C.1

LR
v v Do

°
£
e
-4
4
©
=
o
o
ot

3iZ o
o -
0. 1 .
10,2 -
+0. 2 -
+0. & .
C. 00 -
2? 21
0.3 v.?
a2 v0. &
c.¢ 0.0
0.2 9.0
0.9} .06

36




FABLE 1Y

5-A AND oAl <2V FITANIUM IN STATIC N,Og IN 304-1. STAINLESS STEEL CONTAINKRS

PENETRATION IN MILS PER VEAR

75-A bAl4V bAl-4V
74°C (155°F) 219C (10°F) 14 1657F)
9.2 o4 08 L6 32 08 G2z 04 08 rLE iz 00 02 04 08 L& 32
9 9 9 Q 9 - - - - - - 9 9 9 9 9 9
40.3 6.0 +0.2 +0.1 40. } - - - - - - +0.5 +40.2 9.2 0.0 +0.2 49.1
40,3 0.0 0.0 +0.2 +0, 2 - - - - - - +0.4 40,2 0.0 +0.2 +0.2 +0. 2
0. 4 0.0 +0.1 0.6 9.2 - - - - - - .4 +0.2 +0,2 +0. 2 +40.2 +0.3
+.;3 0.0 0.1 +0.1 v, 2 - - - - . - +0.4 +0.2 <0.1 +0. ! 40,2 0.2
0.00 0.00 o0.00 0.00 0.00 - - - - - - 0.00 0.00 0.00 0.60 0.60 0.00
27 27 27 27 27 27 27 27 27 27 27 a7 27 27 &7 27 27
0.0 0.0 0.4 0.3 0.3 0.2 0.1 0.1 0.2 0.1 0.2 0.0 0.0 0.9 0.0 0.2 0.0
0.0 2.0 0.2 0.4 0.2 +0.2 40.2 0.1 0.9 0.0 0.1 0.0 0.C +0.3 @90 0.4 0.2
92,0 0.2 0.0 0.3 0.9 0.0 0.3 0.0 0.1 0.0 0.3 0.0 0.0 0G 0.0 0.0 0.9
0.0 0.1 0.2 0.3 0.2 0.0 140.2 (1] 0.0 0.0 0.2 0.0 2.0 40.1 0.0 0.2 0.1
.00 0,00 0.01 0.01 0.01 0.60 0.0¢ 0.C0 0.00 0. 00 0.01 0.60 ©.00 0.50 0.60 5.0 0.0

36
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TABLE 20

SUMMARY OF CORKOSION RATES OF METALS TEST:D IN STATIC
STEEL CONTAINE

PEMNETRATION IN MILS P

lemparature -9°C (15°F) 21°C (10°F)
Water Added, Wt% 0.0 0.2 0.4 0.8 L6 3.2 .0 0.2 ¢ 08 16 32
Days in Period . CARBON STEEL AS|
3 0.52 0n.42 0.32 0.33 0,39 (.57 3.22 0.1% 0.08 0.49 3.40 3.9 i
9 0.06 ¢.07 0.00 0.21 0.23 v.19 G4 0.06 0.05 0.39 2,00 3.77
27 0.01 9.0 0.04 O0.i1 ¢6.12 4.12 0.01 0.93 0.03 0.34 115 4, 32

TYPE 304-L STA
3 - - - - - 0.Q9 ¢.06 0.00 9.00 0.00 0.00 0.00

9 0.00 ¢.00 G.00 92.00 0.00 0.00 6.05 0.03 0.6 0.06 9.0% 0.08
g; .01 0,02 0.0l 0.02 0.01 9.02 0.08 0.02 9.%82 0.62 0.03 0.93
—_— 5086-Hi4 A
3 0.00 0.00 0.27 1.59 2.06 2 42 0.00 0.00 0.34 1,45 1893 £29.80
9 0.00 0.0 0.00 2.23 3.06 4.55 0.00 0.00 0.00 0.75 .64 15.53
27 0.60 0.00 0.07 2.57 .07 13.64 0.0 0.0 C. )% 0¢.79 3.0? 7.20 €

PH 15-7 Mo STAINLESS STEEL
3 Y.11 0.07 0.¢7 0.13 9.15 0.08 0.90 0,30 0.32 0.20 ©.35 = ©. 41
9 0.00 0.00 0.02 J.02 0.02 0.62 H0G 06.00 0.02 0.02 0.7 0.06 :
5 00

2 0. 0.01 6.0l 0.0 9.92 9.00 .60 0.00 0.00 0.00 0.04 0.03
— 75+A T
9 - - - . - - U . - - -
2 - - . - - - 0.00 8.5 v.0! ¢.00 0.9 0.0V
— . 6Al =2V
¢ . - s M p p po - iy P . - ~3
2? - - - - - - 6.00 92.60 o0.0¢ 0.09 o0.00 9.0

YLLDED 5086
[F TIPS A TR : F

a

27 0.02 4 <. 38 - -

.o
©+f

WALGD TR 60-384 37 !




| TABL.L 20

ION RATES CF METALS TESTED IN STATIC N,O. IN CAPPED GLASS TUBES AND 304-L STAINLESS
STEEi. CONTAINERS

e

PCNETRATION IN MILS FER YEAR

21°C (70°F) 42°C (120°F) 74°C (165°F)
0 0.2 0.4 08 16 32 0.0 0.2 04 08 1.6 32 ¢ 02 04 0.8 16 32
CARBON STEEL ASTM A-285 GRADE & _
"22 0.18 0.08 0.49 5.40  3.91 0.47 0.29 0.40 0.55  12.54 32.77  0.58 0.32 0.57  15.68 63.71 166. 42
.14 6,06 0.05 0.39 200 3.77 0.04 0.04 0.92 6.47 19.35 44.88  0.06 0.06 0.24 7.69 42.49  89.3)
.01 0.08 0.03 0.3¢ 3.15 4,32 0.02 0.1¢ 0.99 5.29 15.49 29.72 0.93 0.19 112 3.25  13.50 27.50
TYPE 304-L STAINLESS STEEL

0.060 0.00 0.00  0.00 0.00 0.00 0.00 ©.00  0.00  0.00 0.60 0.00 0.00 0.60  0.00 0.12

0.03 0.C6 0.5 0.08 0.05 0.02 0.0Z 0.04 0.06 0.06 0.10 0.04 0.95 000 0.06 0.05

€.02 0.02 0.03  0.03 0.91 0.0l 0.02 0.02 0.02 0.04 0.17 0.00 0.¢2 0.01 000 0.02

- - - . - - - - - - 6.0z 0.00 - . - -
5086-134 ALUMINUM
0.3 1.46 18.93 59.80 0.45 ©.58 2.47 4.4 37.34  75.39 0.67 0.60 4.74 30.61 88.33 152.51
2.00 0.75 8.63 §5.%3 0.04 0.36 .32 3.35 36.39 12.01 0.00 0.06 2.15 15.28 37.95 79.45

.15 0.79 3.07 7. 20 6.00 0.15 0.25 3.26 9.59 57.85 0.04 0.02 .69 .17 17.99 48.60

PH 15-7 Mo STAMNLESS STEEL (ARMCC CONDITION RH 950}
0.28 0.20 0.35 0. 43 0.00 ©.05 0. .1 0. 22 €. 5 0.13 0.00 0.99 0.37 1. 81 .10

0.02 ¢.02 o.¢7 0.06 0.04 0.03 0.12 6.1 C. 26 0.4 0.66 0.07 ¢.09 0.20 0.35 0.81
6.00 V.00 .04 6. 03 0.60 0.00 0.00 .07 0.96 0. 14 0.06 0.0 0.00 n.06 0.0% 0.3,

75-A TITANIUM
- - - - - - . - - . < - 0.00 0.00 0.00 o0.00  0.00 0.00
p.00  C.03 0.0} 0.66 C.00 0. 00 - - - - - - 0.0 0.00 0.00 0.01 0.0} 0.01

6Al «4V TITANIUM

- - - N - - - - - - - -. 0.00 0,00 0.00 9.00 0.00 0.00
.90 0.00 0.00 ©.00 C.00 0.0 - - - - - - .60 0.00 0.00 0.00 0.01 6.00
- WELDED 5086 ALUMINUM

. 0) . 0.38 - - h. 65 0.0z - 1.3 o - 23.9% 0.02 - 5. 51 - . 32.3%

k¥
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TABLE 21

CORROSION RATES OF WELDED 5086 ALUMINUM IN STATIC
N,0, IN CAPPED GLASS TUBES

PENETRATION IN MILS PER YEAR

wt. % Cor-
Water  Spec- rosion
Days in Temp, Added to imen Mg, Rate, Condition of
Period O¢ NO;, _No. Loss MFY Sample Around Weld
27 -9 0.0 A 0.5 0.02 No attack.

0.4 B 43.8 1.38

3.2 C 52.5 1. 65

27 21 0.0 A 0.3 0.01
0.4 B 12.1 0.38
3.2 C 217.3 6. 65
27 49 0.0 A 0.5 0.02
0.4 B 48. 8 1.53
3.2 C 443.5 23.95
27 74 0.0 A 0.6 0.02
0.4 B 166. 4 5.11

3.2 C 1057.5 32.35

Slight attack on weld inter-
face.
Slight attack on weld inter-
face,

No attack.

Slight attack.: Weld hardly
visible.

Heavy general corrosion.
Weld easily visible.

No attack.

Slight attack. Weld hardly
visible.

Heavy general corrosion.
Weld easily visible,

No attack.

Slight corrosion. Weld
visible.

Heavy general corrosion.
Weld easily vigible.

One face of each welded specimen was filed smooth around weld area. Ob-

servations were made on this face of specimen.

WADD TR 60-384
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TABLE 22

COMPATIBILITY OF COMMERCIAL N0, AND ELASTOMERS

AT 25°C
Days
In
Elastomer Test Observations
Tygon 66 Tubing shrunk to one-half its

Hypalon Rubber
Nylaflow Hose
Viton "B* Rubber

Korosea!

Hycar 5-T Rubber

Thiokol 3600 ST-C Rubber

Acid Seal MA Rubber

Silastic Rubbers
No. 59711-2-480
No. LS-53-24-300
No. 50-24-400
No. 651

Hysunite Acid Discharge
Hose (Goodyear)

WADD TR 60-384

12

W~

original size, turned dark green
in color, and on standing in atmos-
phere it became hard and would
crack when bent.

Disintegrated.

Disintegrated.

Swelled twice its original size,
very soft and much more flexible
than original sample,

Tubing showed some shrinkage,
turned green in color, and be-
came hard on standing. This
tube burst at 1000 psig. (Un-
tested tubing swelled at 100 psig
and burst at 400 psig).
Disintegrated.

Disintegrated immediately on con-
tact with Nzo‘.

Disintegrated immediately on con-
tact with N;O,.

Crumbled.
Swelled twice its original size.
Crumbled.
Crumbled.

Inside liner of hose swelled, blistered,

very soft, and much more flexible
than original sample,
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Run Neo.

Hours of Test

Becirculatinl NO,
Gallons Per Minute
Temperature Range
Pressure on Reservoir
Discharge Pressure

CORROSION RATES OF METALS AND NON-METALL

TABLE 23

26
7 psig
50 psig

Location of Specimen in Assembly Material Observation and Cor
cimen Container P!l 15-7 Mo Stainless Steel [} Rates Based on 0. 00
2 101 hours continuous 0.00
3 circulating time 0.00 !
304-L Stainless Steel 4 0.04
5 0.04
6 0.02
5086 Aluminum 1 0.00
[ 0.00
4 0.00
Carbon Steel - ASTM A-285 7 0.39
Grade C 8 Q. 26
9 0. 31
10 0. 24
11 0.23
Impingement Holder Carlon Stecl- ASTM A-285 ! 0.23
Grade C
304-L Stainless Steel 2 -
‘Non-Metallic Tubes Kel-F Stretched 1/2" 1n length, swe
turned tan n color. Remove
dynamic test,
Teflon -
Reservoir Specimens Koroscal Shrunk slhightly and became hg
Alathon Crumbled.
Polyvinyl Chloride Swelled and became soft and
Kel-F No change in size, but shight)

F.lbows 1n Asscembly
3 - Type 304 Stainlcss Stecl
2 - Carhon Steel

Welded Nipples in Assembly

I - Carbon Steel
1 - T{pc- 304 Stainless Steed
1 - Alununum (grade not known)

WADD TR 60-384

Lucoflex Polyvinyl Chloride
Teflon

Johns-Manville Sersice Ashvestos
African Blue Ashestos

Teflon Iinpregnated Ashestos-Palinetto 1330

Swelled and became soft and
Discolored and hecame softer
Blistered and showed some sl
Good condstion.
Good condition,
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TABLE 23

N RATES OF METALS AND NON.METALLIC MATERIALS IN FLOWINC N, O,

!
1

12.%
26 - N
7 paig - maximum
50 psig - averags

Observacion and Corrosion Rates in MPY

T

1 Rates Based on 0.00 Tatcs Based on ¢.00
2 101 hours continuous 0,00 total time speci- 0. 60
3 circulating time 0.00 mens were in 0.00
4 0.04 assembly, 20 days 0.01
5 0.04 0.0t
6 0.02 0.00
] 0. 00 0. 00
6 0.00 0. 00
4 0.00 0.00
7 0.139 0.03
8 0.26 0. 0%
9 0.31 0.07

10 0. 2¢ Q. 0%

11 0.23 0.0%
[} 0.23 0.0%
2 . -

Stretched 1/2° in length, ewelled . 025* in diameter,
turned tan in color. Removed after 2-1/2 hours of
dynamic test.

Shrunk siightly and became hard on standing.
Crumbled.

Swelled and became soft and flexible.

No change in sise, but slightly discolored.
Swelled and brcame soft and flexible,
Discolorced and hecame softer,

Blistcred and showed some shrinkage.

Good condition.

Good condition,

to1 ]

alinctto 1430

2
104
12,5

25 - 32°C

8 peig - maximum
50 peig - average

Chservation and Corrosion Ralss in MPY

tes Based on 0.00 tes sed on
{04 hours cone total time speci-
tinzous circulate mens were n
irg time aesembly, 6 days

°
883

Q.

0.03
¢. 80
0.00
0.12
0.08
0.03
0.51
0.1.
8. %3
0. 4
0. 1

by h

.

—ﬁ—uﬂOt-—O.Sggg

P Py Ve 4O

)
]

0.00 %.00

Stretched 3/8" in length, awelled 0.01° in diameter,
turned tan in color. Rsmovred after 205 hocre of
dynamic tests.

All elbzwe remained in eriginal condition and showed
no weiglit loss during 205 hours of dynamic test.

Cross-section speciniona from each of the welded

nipples were raamined and found in good dition
aire'r 208 hours of dyrumic trsts. * con




